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Introduction
Although pregnancy at a young age decreases a woman's lifetime breast cancer risk (1, 2) , the first 5 years following a pregnancy at any age are associated with increased breast cancer risk, a risk that continues to increase with age (3) (4) (5) (6) . Given the societal trends in Western cultures of postponing childbirth later into women's lives, the incidence of malignant postpartum breast cancer is expected to increase. Currently, breast cancers diagnosed 2-5 years postpartum account for nearly 25% of all premenopausal breast cancers (7) . Importantly, breast cancers diagnosed 2-5 years postpartum are diagnosed more frequently as metastatic disease and correlate with decreased disease-free survival (DFS) versus breast cancers occurring in premenopausal nulliparous women (4, 7, 8) . In contrast, many studies have shown that breast cancers diagnosed during pregnancy do not correlate with decreased DFS (8, 9) , although there remains some debate about this conclusion. The observation that postpartum breast cancers (ppBCs) correlate with reduced DFS suggests that events occurring in the postpartum breast augment the malignant severity of tumors existing therein. This hypothesis is supported by studies in which breast cancer cells transplanted into involuting mouse mammary fat pads grow and invade more rapidly than do cells transplanted into mammary glands of nulliparous mice (10) (11) (12) . This postpartum transplantation model elegantly distinguished the microenvironmental influences of the involuting postpartum mammary gland versus the mammary gland at other reproductive stages (3, (10) (11) (12) (13) (14) (15) . Thus, it is imperative to understand how the changing landscape of the postpartum breast accelerates cancer progression in order to design more effective therapies for patients suffering from ppBC or strategies to limit the alterations leading to ppBCs.
M2-like macrophages are a critical driving force of malignancy in the postpartum mammary microenvironment through enhanced cyclooxygenase 2 (COX2) production and through enhanced extracellular matrix (ECM) remodeling (16, 17) . However, it is unclear what triggers macrophage polarization during postpartum involution toward an M2-like phenotype. Further, cytokines produced by M2-like macrophages (e.g., IL-4, IL-10, IL-13, TGF-β1, and EGF) (18) (19) (20) (21) are associated with increased breast cancer malignancy (22) (23) (24) (25) . It should be noted that these cytokines, which are involved in wound healing and immune suppression, are produced abundantly during postpartum involution to support mammary remodeling (26) (27) (28) (29) , consistent with their potential involvement in ppBC progression. In addition, our
Breast cancers that occur in women 2-5 years postpartum are more frequently diagnosed at metastatic stages and correlate with poorer outcomes compared with breast cancers diagnosed in young, premenopausal women. The molecular mechanisms underlying the malignant severity associated with postpartum breast cancers (ppBCs) are unclear but relate to stromal wound-healing events during postpartum involution, a dynamic process characterized by widespread cell death in milk-producing mammary epithelial cells (MECs). Using both spontaneous and allografted mammary tumors in fully immune-competent mice, we discovered that postpartum involution increases mammary tumor metastasis. Cell death was widespread, not only occurring in MECs but also in tumor epithelium. Dying tumor cells were cleared through receptor tyrosine kinase MerTK-dependent efferocytosis, which robustly induced the transcription of genes encoding wound-healing cytokines, including IL-4, IL-10, IL-13, and TGF-β. Animals lacking MerTK and animals treated with a MerTK inhibitor exhibited impaired efferocytosis in postpartum tumors, a reduction of M2-like macrophages but no change in total macrophage levels, decreased TGF-β expression, and a reduction of postpartum tumor metastasis that was similar to the metastasis frequencies observed in nulliparous mice. Moreover, TGF-β blockade reduced postpartum tumor metastasis. These data suggest that widespread cell death during postpartum involution triggers efferocytosis-induced wound-healing cytokines in the tumor microenvironment that promote metastatic tumor progression.
parisons between genetically comparable animals, establishing reproductive history as the major experimental variable (Figure 1C ). In the parous group, pups were withdrawn at partuition because MMTV PyVmT dams are unable to nurse their offspring. Pregnancy did not affect average tumor latency (T 50 = 56 ± 5 days in virgin mice; T 50 = 52 ± 3 days in parous mice) (Supplemental Figure 2 , left panel), total tumor burden (Supplemental Figure  2 , right panel), tumor cell proliferation (Supplemental Figure 3 ), or PyVmT expression ( Figure 1D ). Histological differences were apparent between virgin and parous groups, including milk within the ductal lumens of parous mouse tumors (but not virgin mouse tumors) at partuition/64 days of age, which was resorbed during the course of postpartum involution (Supplemental Figure 4 ). Although the number of lung metastases was similar in 64-dayold virgin and parous mice (partuition in the parous group) and in 71-day-old virgin and parous mice (Inv d7 in the parous group), lung metastases in the parous group increased by 10-fold in 85-day-old parous mice (Inv d21) as compared with the metastases seen in 85-day-old virgin mice ( Figure 1 , E and F). These models demonstrate that changes occurring in the mammary microenvironment during involution have a profound impact on metastasis, without affecting primary tumor burden.
We investigated phosphorylation of STAT3 (p-STAT3) in tumors from virgin and parous mice, as p-STAT3 is an early event in the involution signaling cascade and is known to correlate with increased aggressiveness in several tumor models. We found relatively equal levels of p-STAT3 in parous and virgin mice at 71 days of age (corresponding to Inv d7 in the parous group) and at 85 days of age (corresponding to Inv d21 in the parous group, Figure 1D ). We also measured p-AKT and p-ERK, which revealed similar levels of each in virgin and parous mice at 71 days of age (Inv d7 in parous group). At 84 days of age, AKT and ERK phosphorylation was modestly decreased in the parous group (Inv d21) as compared with that detected in the virgin group.
Increased cell death and efferocytosis in postpartum mammary tumors. To begin understanding how postpartum involution might establish a prometastatic tumor microenvironment (TME), we examined the physiological events that characterize postpartum involution in the normal breast. A remarkable feature of postpartum involution is transient but widespread cell death throughout the milk-producing mammary epithelium (33) . However, it is currently unknown whether tumors within the breast during postpartum involution are similarly subjected to a vast presence of dying cells. Using TUNEL analysis to measure dying/dead tumor cells, we found very few TUNEL + cells in tumors from virgin mice at 64 days, 71 days, 85 days, and 104 days of age ( Figure 2 , A and B). However, the frequency of TUNEL + cells increased more than 5-fold in tumors harvested from 71-day-old parous mice (Inv d7) and diminished at later involution time points. This is the first demonstration to our knowledge that mammary tumors also experience a peak in cell death during postpartum involution.
During physiological postpartum involution, dying mammary epithelial cells (MECs) are cleared from the mammary gland through efferocytosis, a process by which macrophages and other phagocytes recognize, bind to, and engulf dying cells (34, 35) . Macrophages require the RTK MerTK to engulf dying cells, particularly during postpartum involution, when dying cells are previous work shows that MerTK, an RTK required for efficient efferocytosis by macrophages and epithelial cells, is elevated during postpartum involution (30) and is involved in the accumulation of Th2-like tumor-associated leukocytes in preclinical mammary tumor models (31) .
We have used the MMTV PyVmT transgenic mouse model (32) to assess how postpartum mammary involution and remodeling affects malignant progression of spontaneous mammary tumors within the context of their native microenvironment and within a fully competent immune system. Tumor metastasis was elevated 10-fold by events occurring during postpartum involution, triggered by stromal responses to widespread tumor cell death, including increased M2-like macrophage characteristics and enhanced production of wound-healing and immunosuppressive cytokines. These changes in the stromal microenvironment were orchestrated by MerTK, which is responsible in large part for the clearance of dying cells (efferocytosis) by macrophages or other efferocytes. We demonstrate that MerTK inhibition or gene targeting abolished efferocytosis, M2-like macrophage polarization, production of wound-healing cytokines, and reduced tumor metastasis in the postpartum setting. Our data reveal a critical role for MerTK and efferocytosis in driving stromal wound-healing and remodeling events that contribute to ppBC malignancy.
Results

Increased metastasis of tumors in the postpartum mammary gland.
Previous studies demonstrated that breast tumor cell lines transplanted into mouse mammary glands just prior to postpartum involution are more invasive and metastatic than the same tumor cells transplanted into the mammary fat pads of age-matched virgin mice (11, 12) . We recapitulated these findings using primary mammary tumor cells (PMTCs) derived from MMTV PyVmT mice, which we transplanted into the mammary fat pads of WT FVB female mice. Prior to tumor cell injection, age-matched mice (42 days of age) were randomized into 2 groups: 1 remaining nulliparous and 1 that would breed for 1 to 3 days. Primary tumor cells were injected when mice were 59-61 days of age, corresponding to 14.5 to 16.5 dpc in the parous group ( Figure 1A) , such that partuition occurred 4-7 days after tumor injection. Pups were withdrawn from dams at partuition to initiate postpartum involution in the parous group. Tumors became palpable 11 days (on average) after tumor cell injection in both groups, corresponding to involution day 6 (Inv d6) in the parous group and suggesting that late pregnancy and postpartum events did not affect tumor latency (T 50 = 11 days, P > 0.05, log-rank test). Tumors in parous mice grew at a modestly increased rate compared with what was observed in virgin mice ( Figure 1B ). However, lungs harvested at postinjection day 39 revealed that metastatic lung lesions occurred in 5 of 6 parous mice, but were not detected in age-matched virgin mice (0 of 6 mice, Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI76375DS1).
We extended these findings using spontaneous tumors arising in MMTV PyVmT transgenic mice, with the added advantages of endogenously forming tumors within a fully intact immune system (32) . Female mice remained as virgin mice or were impregnated at 42 to 44 days of age. Synchronized pregnancies within this 3-day window allowed us to make age-matched comjci.org Volume 124 Number 11 November 2014 d0) and at postpartum involution time points (Inv d7, Inv d21, and Inv d40). We found that tumor MerTK expression was low at the end of pregnancy (Inv d0, 64 days of age), but was strongly elevated in tumors harvested at Inv d7 ( Figure 2C ), a time point when TUNEL + dead tumor cells were at their peak ( Figure 2B ). Tumor lysates harvested from age-matched MerTK -/mice did not show very abundant (30) . In normal mammary glands, MerTK expression is low during puberty, maturity, and pregnancy, but is rapidly induced during postpartum involution, when cell death peaks (30) . To determine whether MerTK is similarly induced in postpartum mammary tumors during involution, we used Western blot analysis of whole-tumor lysates collected at partuition (Inv However, TUNEL analysis revealed a dramatic increase in the presence of dead cell bodies in MerTK -/-PyVmT tumors at Inv d7 ( Figure 2I ). Dead cell bodies in MerTK -/tumors remained prominent throughout postpartum Inv d40 ( Figure 2J ). Because we did not observe increased TUNEL staining in mammary tumors from virgin MerTK -/mice (Supplemental Figure 5E ) and because previous studies demonstrate that MerTK is poorly expressed in MMTV PyVmT tumor cells (31) , these data suggest that MerTK loss did not increase tumor cell death per se, but caused an accumulation of dead cell bodies throughout postpartum involution due to a failure in efferocytosis. This is supported by annexin V staining of purified, cultured MerTK +/+ PyVmT and MerTK -/-PyVmT primary tumor cells, which revealed similar levels of cell death in both groups (Supplemental Figure 5G ). Pharmacological or genetic MerTK ablation decreases postpartum mammary tumor metastasis. To define the potential relationship between (a) widespread postpartum tumor cell death, (b) efferocytosis of dying tumor cells, and (c) postpartum tumor progression, we examined the impact of pharmacological MerTK inhibition on metastasis of postpartum mammary tumors in our allografted model of ppBC (described in Figure 2E ), in which tumor-bearing mice were treated daily with BMS-777607 beginning on Inv d1 and ending on Inv d7. Tumor metastases were counted in lungs harvested at Inv d33 ( Figure 3A ), revealing metastatic lung lesions in 5 of 6 parous mice treated for 7 days with vehicle, but in only 1 of 6 parous mice treated for 7 days with BMS-777607. These data suggest that MerTK inhibition during early postpartum involution decreases mammary tumor metastasis. Metastases were not detected in the lungs of tumor-bearing virgin mice (with or without BMS-777607 treatment) agematched to the postpartum group.
These findings were confirmed using genetic MerTK ablation in our spontaneous tumor model of ppBC (described in Figure  2H ). We found that although genetic MerTK loss in virgin mice did not affect the number of lung metastases ( Figure 3B ), MerTK loss in parous mice diminished the number of metastatic lung lesions by more than 3-fold and by more than 6-fold at Inv d21 and Inv d40, respectively ( Figure 3C ). Importantly, MerTK loss did not affect total tumor burden in parous mice at Inv d0, d7, d21, or d40 (Supplemental Figure 6A ), although histological changes associated with impaired efferocytosis were apparent in MerTK-deficient postpartum mammary tumors, such as accumulation of dead cells in fluid-filled lumens (Supplemental Figure 6B ), which we confirmed by TUNEL analysis (Supplemental Figure 6C ). Taken together, these data establish a relationship between MerTKmediated efferocytosis and the prometastatic environment in postpartum mammary tumors.
Increased expression of wound-healing cytokines in postpartum mammary tumors. Genes including Il4, Il10, and Tgfb1 encoding wound-healing and immunosuppressive cytokines are often induced in response to efferocytosis (38) (39) (40) . Transcriptional induction of wound-healing and immunosuppressive cytokine signatures is a major feature of the normal mouse mammary gland during postpartum involution (26, 28, 37, 41) , due at least in part to high levels of efferocytosis occurring in this setting (30) . We used a publicly available quantitative reverse transcription-PCR (qRT-PCR) dataset measuring expression of Th2 cytokine genes any MerTK expression, as expected. In MerTK +/+ tumors, postpartum tumor MerTK levels remained elevated throughout Inv d40, as compared with what was detected in tumors harvested at Inv d0, consistent with the hypothesis that MerTK plays an important role in directing efferocytosis in postpartum mammary tumors.
To test this hypothesis directly, we used the MerTK tyrosine kinase inhibitor (TKI) BMS-777607 (36) to impair MerTK activity in mammary tumors during postpartum involution. We first confirmed that BMS-777607 impaired efferocytosis during postpartum involution in normal mammary glands. Beginning at Inv d1, mice were treated with BMS-777607 once daily through Inv d7. MerTK inhibition produced a substantial accumulation of dying/dead cell bodies, necrotic cells, and lipid (milk fat) globules in postpartum mammary glands ( Figure 2D ), similar to what has been reported in MerTK-deficient mammary glands during postpartum involution (30) and thus confirming that BMS-777607 inhibits MerTK-dependent efferocytosis. Next, we modified the allografted ppBC model shown in Figure 1A , adding daily treatments with BMS-777607 beginning at Inv d1 and ending on Inv d7 ( Figure 2E ). This brief treatment window coincided with the peak in dying tumor cell burden ( Figure 2B ) and with the peak induction of MerTK expression ( Figure 2C ). BMS-777607 treatment for the first 7 days of involution did not affect tumor latency, but caused a slight decrease in the postpartum tumor growth rate. Western blot analysis of MerTK immunoprecipitates from tumor lysates harvested on Inv d7 showed decreased MerTK tyrosine phosphorylation in BMS-777607treated samples compared with what was detected in vehicletreated tumors ( Figure 2F ). Importantly, dead cell bodies were abundant in BMS-777607-treated tumors on Inv d7, but not in vehicle-treated tumors, demonstrating that MerTK signaling is necessary for efferocytosis in postpartum mammary tumors ( Figure 2G ).
Because BMS-777607 can inhibit other RTKs related to MerTK, we confirmed our findings using genetic MerTK ablation. MerTK -/mice (inbred to FVB) crossed with MMTV PyVmT mice were randomized into virgin or breeding groups in which pregnancies were synchronized in 42-day-old mice, as described in Figure  1D . MerTK loss was confirmed in tumors from virgin mice by Western blot analysis of whole-tumor lysates (Supplemental Figure 5A ). MerTK loss in virgin mice did not affect tumor latency, total tumor burden, tumor cell proliferation, or tumor cell death (Supplemental Figure 5 , B-E). Tumors from virgin MerTK -/and MerTK +/+ mice were histologically similar (Supplemental Figure 5F ). These data are consistent with reports that MerTK expression is not detected in the tumor epithelial cell population of MMTV PyVmT tumors (31) , explaining in part why MerTK loss had no overt effect on tumor latency or growth in nulliparous mice. However, given the profound burden of dying cells that require clearance from the mammary gland (11, 28, 29, 37) and mammary tumors ( Figure  2B ) during postpartum involution and the known role of MerTK in efferocytosis, it is possible that MerTK loss uniquely affects tumor progression in the context of postpartum involution.
We examined this hypothesis in tumors harvested from parous MerTK +/+ and MerTK -/mice at the end of pregnancy/Inv d0 (when pups were withdrawn), Inv d7, Inv d21, and Inv d40 ( Figure 2H ). MerTK loss was confirmed by Western blot analysis at each time point ( Figure 2C ). We found that MerTK loss did not affect tumor latency in parous mice ( Figure 2H ; log-rank test). in human breast tissue specimens collected from premenopausal women who were either nulliparous or who were within 0 to 2 years of a recent full-term pregnancy (27) . These data revealed elevated IL13 and TGFB1 levels in postpartum samples (n = 4-13) compared with what was seen in samples from nulliparous women (n = 4-20) ( Figure 4A ). IL4 was not reported in this dataset, although mouse models have shown upregulation of Il4 during postpartum involution (16, 26, 42) . Levels of CD68 (a molecular marker for total macrophage content), IFNG (a Th1-like cytokine), and CDH1 (encoding E-cadherin, to control for epithelial content) were similar in samples harvested from nulliparous and postpartum women. These findings suggest that transcripts encoding wound-healing or Th2-like cytokines are locally elevated in postpartum breast tissue in humans, similar to what is seen in mice, supporting the utility of mouse mammary tumor models to understand how postpartum changes in the breast microenvironment contribute to deadly tumor metastasis.
To determine whether postpartum mammary tumors upregulate wound-healing and immune-suppressive cytokines, we compared cytokine levels in spontaneous MMTV PyVmT tumors harvested from 71-day-old virgin and parous (Inv d7) mice. Using a cytokine antibody array to gain a broad and unbiased view of cytokine expression in postpartum mammary tumors (Supplemental Figure 7 ), we found that IL-4 and IL-10 were detected at very low levels in tumors from virgin mice, but were upregulated in tumors from postpartum (Inv d7) mice ( Figure 4B ). Most cytokines examined were similar in virgin and postpartum tumors (Supplemental Figure 7 ), including osteopontin ( Figure 4B ). Cytokine transcripts measured by qRT-PCR analysis of whole-tumor RNA harvested confirmed Il10, Il4, and Tgfb1 upregulation in postpartum mammary tumors over what was seen in tumors from virgin mice ( Figure 4C ), demonstrating that these wound-healing cytokines are locally synthesized in the postpartum mammary TME. It should be noted that wound-healing Th2-like cytokines are frequently detected in clinical breast tumors (24, 43) and are associated with decreased DFS in breast cancer patients (24, 43) .
Decreased wound-healing cytokines in postpartum MerTK -/tumors. Macrophage-mediated efferocytosis is known to trigger the production of wound-healing Th2-like cytokines, including IL-10 and TGF-β1, although the link between tumor cell efferocytosis and TME cytokine levels has not been widely investigated. If efferocytosis in postpartum breast tumors is the primary trigger for the production of Th2-like cytokines, we predicted that the blockade of efferocytosis through MerTK inhibition would prevent postpartum induction of wound-healing cytokines in tumors. We tested this hypothesis using a cytokine antibody array of whole-tumor lysates from postpartum MerTK +/+ and MerTK -/mammary tumors harvested at Inv d7 ( Figure 4D ). Postpartum MerTK -/tumors exhibited decreased IL-4, IL-10, and IL-13 levels as compared with the levels detected in MerTK +/+ tumors ( Figure  4E ). Most of the cytokines we examined were measured at similar levels in postpartum MerTK +/+ and MerTK -/tumors (Supplemental Figure 8 ). These results were confirmed by qRT-PCR analysis of whole-tumor RNA, revealing reduced Il4, Il10, and Tgfb1 transcripts in postpartum MerTK -/mammary tumors as compared with those detected in postpartum MerTK +/+ tumors ( Figure 4F) . Similarly, whole-tumor RNA from allografted tumors treated with BMS-777607 from Inv d1 to Inv d7 revealed decreased Il10 and Tgfb1 mRNAs, although Il4 transcripts were not altered by BMS-777607 ( Figure 4G ). These studies suggest that MerTK-mediated efferocytosis enhances wound-healing Th2-like cytokine levels in postpartum mammary tumors.
Efferocytosis of dying breast cancer cells induces Th2-like cytokine expression.
To investigate a mechanistic link between postpartum tumor cell death and cytokine modulation by tumor-associated macrophages, we generated a coculture-based model in which dying breast cancer cells could be engulfed by neighboring macrophages. To generate a model of dying mammary tumor cells, we transduced PyVmT primary mammary tumor cells expressing fluorescent mCherry with adenovirus expressing herpes simplex virusthymidine kinase (HSV-TK), rendering these cells sensitive to gancyclovir-inducible cell death ( Figure 5A ). After 32 hours in the presence of gancyclovir, PyVmT mCherry TK cells displayed more than 85% cell death ( Figure 5B and Supplemental Figure 9 ). These PyVmT mCherry TK cells were cocultured with GFP-labeled mouse macrophages (Raw267.4), followed by treatment of cocultures with gancyclovir to induce cell death specifically in the tumor cell population (but not in neighboring macrophages) ( Figure 5B and Supplemental Figure 9 ). BMS-777607 was used in this coculture model to block MerTK activity. Cocultures treated with BMS-777607 (1 μM) displayed reduced MerTK tyrosine phosphorylation ( Figure  5C ), as did cocultures treated with a goat anti-mouse MerTKneutralizing antibody (ref. 44 and Supplemental Figure 10 ).
Fluorescence microscopy demonstrated that many dying PyVmT mCherry TK tumor cells were contained within cytoplasmic vacuoles of GFP + macrophages ( Figure 5D , white arrows), while others remained free in culture ( Figure 5D , yellow arrows). However, cocultures treated with BMS-777607 failed to exhibit any mCherry + inclusions within GFP + macrophages, confirming that efferocytosis was blocked by BMS-777607. PyVmT mCherry TK cells remaining in culture after 32 hours were counted, revealing a loss of 68.7% of gancyclovir-treated PyVmT mCherry TK tumor cells after 32 hours in coculture with macrophages, as compared with the number of recovered PyVmT mCherry TK tumor cells lacking gancyclovir treatment or lacking macrophage coculture ( Figure 5E ). Importantly, BMS-777607 blocked the clearance of dying PyVmT mCherry TK tumor cells. We obtained similar findings using MCF7 mCherry human breast cancer cells infected with Ad.TK (Supplemental Figure 9 ), which revealed reduced recovery of dying MCF7 mCherry TK cells in the presence of macrophages. BMS-777607 inhibited clearance of dying MCF7 mCherry TK tumor cells by Raw264.7 macrophages ( Figure 5F) . Similarly, preincubation of cocultures with a neutralizing anti-mouse MerTK antibody prior to treatment with gancyclovir impaired the clearance of dying MCF7 mCherry TK tumor cells, confirming the role of MerTK in this macrophage-mediated process ( Figure 5F ).
To investigate efferocytosis-induced changes in cytokines, the efferocytosis coculture assay required modification because Ad.TK altered cytokine levels, even in the absence of efferocytosis (not shown). Therefore, we induced cell death in nonadherent suspensions of MCF7 cells using the Bcl-2/Bcl-xL inhibitor ABT-263 (1 μM) in combination with the phosphatidylinositol-3 kinase (PI3K) inhibitor BKM-120 (1 μM) for 4 hours ( Figure 5G ). Cells were washed 5 times to remove residual drug, then were cultured jci.org Volume 124
Number 11 November 2014 To determine whether MerTK-mediated efferocytosis is a critical driving force for M2 macrophage polarization in postpartum mammary tumors, we assessed macrophages in spontaneous MMTV PyVmT mammary tumors from parous MerTK +/+ and MerTK -/mice at postpartum Inv d7 ( Figure 6F ). Loss of MerTK did not affect total macrophage density and did not affect the number of intratumoral macrophages ( Figure 6G ), suggesting that MerTK and efferocytosis are not required to recruit tumor macrophages during postpartum involution. However, postpartum MerTK -/tumors harvested at Inv d7 harbored fewer ARG1 + cells (the M2-like marker) ( Figure 6 , H and I) and expressed decreased Mrc1 levels as compared with postpartum MerTK +/+ mammary tumors ( Figure 6J ). Additionally, pharmacological inhibition of MerTK using BMS-777607 from Inv d1 to Inv d7 resulted in decreased Mrc1 expression levels ( Figure 6J) . These data suggest that MerTK signaling in the TME during postpartum involution does not affect macrophage recruitment to tumors, but enhances the acquisition or maintenance of M2-like phenotypes of macrophages in postpartum tumors. Importantly, these data indicate that MerTK inhibition can be used to diminish M2-like macrophage phenotypes in postpartum mammary tumors.
Increased TGF-β signaling increases mammary tumor metastasis during postpartum involution. To determine the impact of efferocytosis-induced cytokines on postpartum mammary tumor metastasis, we used an antibody-based approach to neutralize 2 candidate cytokines, IL-4 and TGF-β1, in postpartum tumors ( Figure 7A ). Beginning at partuition, tumor-bearing WT mice were treated with the mIL-4 antibody 11B11 twice weekly through Inv d14. Western blot analysis of whole-tumor lysates confirmed immune depletion of IL-4 from postpartum tumors ( Figure 7B ). Despite decreased IL-4 in the TME, the number of metastatic lung lesions was statistically similar in mice treated with 11B11 compared with the number of lesions in mice treated with an isotype-matched IgG ( Figure 7C) .
In contrast, tumor-bearing mice treated with the antimouse TGF-β-neutralizing antibody 1D11 twice weekly through Inv d14 displayed reduced levels of p-Smad2 in whole-tumor lysates at Inv d15 ( Figure 7D ) and reduced numbers of metastatic lung lesions at Inv d40 ( Figure 7E ) as compared with tumors treated with isotype-matched IgG. These findings suggest that efferocytosis-induced TGF-β expression increases TGF-β signaling in mammary tumor cells during postpartum involution to enhance tumor metastasis. Interestingly, postpartum tumors treated with the IL-4 antibody 11B11 displayed a further increase in Tgfb1 mRNA (Supplemental Figure 14A ) and increased p-Smad2, a TGF-β-activated transcription factor (Supplemental Figure 14B) .
TGF-β signaling is known to increase motility and invasion of mammary tumor cells. To determine whether efferocytosis is capable of inducing TGF-β-mediated tumor cell invasion, we first established efferocytosis cocultures composed of dead MCF7 cells (as established in Figure 5G ) cocultured with Raw267.4 macrophages and collected the cultured media after 16 hours (efferocytosis-conditioned media) ( Figure 7F ). We used media from cocultures of live MCF7 cells with Raw267.4 macrophages for comparison (live cell-cocultured media). We used efferocytosis-conditioned media to stimulate serum-starved recipient PyVmT primary tumor cells in alone or in combination with Raw267.4 mouse macrophages. Annexin V staining revealed that this approach induced cell death in more than 70% of all MCF7 cells (Supplemental Figure 11 ). After 16 hours of coculture, we used ELISAs to measure protein levels of mouse IL-4 (mIL-4) and mIL-10 in the cultured media. The use of mouse macrophages to engulf human breast cancer cells allowed us to exploit antibody specificity to capture mouse cytokines (macrophage-derived, in this case), while excluding human cytokines (tumor cell-derived, in this case). When macrophages, dying MCF7 cells, or live MCF7 cells were cultured alone in serum-free media, only low levels of mIL-4 and mIL-10 were detected ( Figure 5H ). However, coculture of macrophages with dying MCF7 cells, but not live MCF7 cells, significantly increased mIL-4 and mIL-10 ( Figure 5H ). Whole-cell RNA after 16 hours revealed increased Tgfb1 transcript levels in macrophages cocultured with dying MCF7 cells, but not with live MCF7 cells ( Figure  5H ). Further, MerTK inhibition using BMS-777607 or goat antimouse MerTK-neutralizing antibody decreased mIL-4 levels in cultured media ( Figure 5I ). We found that induction of mIL-10 occurred when macrophages were cocultured with dead MCF7 cells, but not in the presence of the neutralizing MerTK antibody (Supplemental Figure 12) . These data suggest that MerTK-dependent efferocytosis of dying breast cancer cells induces Th2-like cytokines in the postpartum TME.
Increased infiltration of tumor-associated macrophages in postpartum mammary tumors. During physiological postpartum involution, macrophages expressing M2-like (alternatively activated) molecular markers, such as arginase 1 (ARG1) or CD206, are the predominant macrophage population in the mammary gland (16, 45, 46) . Importantly, M2 macrophages increase the malignancy of ppBCs in transplantable models (10, 13) . We examined the impact of postpartum involution on macrophages in spontaneous MMTV PyVmT tumors ( Figure  6A ). Immunofluorescence detection of the macrophage marker F4/80 revealed that macrophage density was similar in tumors from 71-day-old virgin and postpartum mice (Inv d7) ( Figure  6B ). However, macrophages localized to the tumor periphery in samples from virgin mice, but infiltrated the tumor epithelium of postpartum tumors, in agreement with what is known regarding macrophages in postpartum involution (16) . We measured ARG1 by IHC in mammary tumors from virgin or postpartum (Inv d7) mice ( Figure 6C) , finding substantially increased ARG1 in tumors harvested during postpartum involution compared with what was found in virgin samples ( Figure 6D ). Expression of Mrc1, the gene encoding the M2 molecular marker CD206, was also markedly elevated in whole-tumor RNA harvested at Inv d7 ( Figure 6E ). These findings were confirmed in samples harvested from allografted PyVmT tumors, revealing that Mrc1 levels were also higher in tumors harvested at postpartum Inv d7 compared with what we observed in tumors from age-matched virgin mice ( Figure 6E ). In contrast, Nos2 (encoding iNOS, a marker of M1-like macrophages) was expressed at similar levels in tumors from 71-day-old virgin and 71-day-old postpartum mice (Supplemental Figure 13) . Thus, postpartum involution increases intratumoral M2-like macrophages, consistent with what has been reported for the normal mammary gland during involution and in other models of ppBC. jci.org Volume 124 Number 11 November 2014 Figure  7H ), as did recombinant TGF-β1 (2 pg/ml). Invasion through Transwell filters in response to both efferocytosis-conditioned media and TGF-β1 was blocked by the TβR1 inhibitor SD208.
These results suggest that efferocytosis induces TGF-β in the postpartum mammary TME, thus enhancing tumor cell invasion and migration. This hypothesis was tested in a 3D invasion assay, in which spheroids generated from human breast cancer-derived cell lines (MDA-MB-361 and SKBR3) were embedded in a collagen matrix (2.5 mg/ ml), then cultured for 24 hours. Cultures were imaged at 0 and 24 hours following TGF-β1 treatment, revealing that TGF-β1 increased cellular invasion away from spheroids into the surrounding collagen matrix ( Figure 7I ). We observed that tumor cell invasion from spheroids was inhibited by SD208 ( Figure 7J) . Similarly, efferocytosis-conditioned media (but not live cell-conditioned media) induced invasion of tumor cells from the spheroid into the collagen matrix, but was blocked upon treatment with SD208. Altogether, these data suggest that increased metastasis of postpartum breast tumors is due in large part to efferocytosis-dependent cytokine modulation in the postpartum mammary gland and identify MerTK and TGF-β as potential therapeutic targets to improve the outcome for young women diagnosed with ppBC ( Figure 7K ). culture, inducing p-Smad2 to a greater extent than cultured media harvested from "live cell" cocultures ( Figure 7G ). We found that p-Smad2 induced in response to efferocytosis-conditioned media was inhibited by the TGF-β receptor type 1 (TβR1) inhibitor SD208 (1 μM), confirming that bioavailable TGF-β is upregulated in response to efferocytosis. Efferocytosis-conditioned media increased inva- rocytosis-mediated induction of IL-4 and TGF, although this hypothesis remains to be tested. Based on our findings herein, we propose that MerTK-dependent efferocytosis is the driving force behind changes in cytokine levels during physiological postpartum involution and in postpartum mammary tumors. This hypothesis is supported by previous studies showing that MerTK loss from the mammary gland during physiological postpartum involution reduces efferocytosis of dying MECs, causing impaired upregulation of Il10 and Tgfb1 (30) . Other studies demonstrated that MerTK-mediated efferocytosis of dying neutrophils or injured cardiomyocytes, liver cells, or lung epithelial cells induces the transcription of wound-healing cytokines that promote resolution of acute inflammation and tissue repair (47, 50, 54, (58) (59) (60) (61) (62) . While MerTK-mediated efferocytosis is desirable in physiological (e.g., postpartum involution of the breast) or pathological (e.g., tissue damage) wound-healing situations, our results suggest that efferocytosis-mediated tissue repair in tumors would enhance tumor metastasis. We show herein that MerTK was in large part responsible for the exaggerated metastasis of ppBCs and for a robust M2-like macrophage presence in postpartum tumors, without affecting total tumor macrophage content. Thus, our studies provide the first illustration to our knowledge of how efferocytosis promotes malignant cancer progression in the endogenous TME. These findings are consistent with previous reports indicating that loss of MerTK or its ligand Gas6 decreases tumor malignancy in transplantable tumor models in virgin mice, without affecting macrophage recruitment to tumors (31, 63) . The previous studies reported that adoptive transfer of MerTK-deficient bone marrow reduced tumor growth over the course of 20 weeks and altered tumor cytokine levels, although lung metastasis and efferocytosis were not reported in this model (31) . Together, the current and previous studies suggest that MerTK inhibition reduces tumor malignancy through impaired efferocytosisinduced cytokine modulation. Conversely, increased MerTK expression correlates with decreased DFS in many cancers and may decrease tumor response to chemotherapies (64) (65) (66) , albeit through unknown mechanisms.
Our results indicate that efferocytosis-induced expression of TGF-β1 increases invasion and motility of mammary tumors cells and that blocking MerTK for the first 7 days of involution, or blocking TGF-β for the first 14 days of involution, is sufficient to impair formation of lung metastases through later time points. The observation that a 7-day time course of MerTK inhibition during early involution was sufficient to provide a therapeutic effect is of great interest, as a potential on-target side effect of sustained MerTK inhibition may be increased autoimmunity. Limited use of a MerTK inhibitor during a short postpartum window would minimize the risk of developing autoimmunity and may be sufficient to limit the profound wound-healing response initiated by efferocytosis during postpartum involution.
In summary, we have shown that changes that occur during physiological postpartum involution, including widespread cell death, MerTK-dependent efferocytosis, and induction of wound-healing cytokines, similarly occur in postpartum mammary tumors, enhancing tumor metastasis. This knowledge will advise new potential strategies for the prevention and treatment of ppBCs.
Discussion
Premenopausal breast cancers diagnosed during postpartum involution are more frequently diagnosed at metastatic stages as compared with premenopausal breast cancers diagnosed in nulliparous women, pregnant women, or women whose pregnancies occurred more than 10 years before diagnosis (5) (6) (7) (8) .
We have used a spontaneous model of breast cancer to study postpartum mammary tumors within the context of the native TME and a fully competent immune system. Postpartum involution profoundly increased tumor metastasis in this spontaneous tumor model. We verified the results using an allografted mammary tumor model introduced at late pregnancy, which would be less influenced by pregnancy-associated events. Results from the present study establish a causal relationship between the tissue remodeling events of physiological postpartum involution and the increased metastasis of postpartum mammary tumors. Both scenarios are characterized by a transient widespread wave of cell death, efferocytosis, M2 macrophage polarization, and production of key wound-healing cytokines, of which the latter 2 correlate with advanced disease and reduced DFS in breast cancer patients (16, 24, 25, 43) .
Our results suggest that increased tumor cell death during postpartum involution triggers efferocytosis, which then induces a stromal wound-healing response that enhances tumor malignancy. Importantly, we identified that MerTK, a critical regulator of efferocytosis in physiological postpartum involution (30) , is also required for efferocytosis in postpartum mammary tumors during involution, driving M2 macrophage polarization and wound-healing cytokine production. Pharmacological MerTK inhibition using BMS-777607 reduced efferocytosis, wound-healing cytokines, and metastasis in postpartum mammary tumors. Although BMS-777607 also inhibits Met, Ron, Axl, and Tyro3 (36), we confirmed that MerTK uniquely performs these roles in postpartum mammary tumors using genetic MerTK ablation (Supplemental Figure 15 ). Additional studies will be required to determine how these other RTKs contribute to postpartum tumor progression, but we propose that BMS-777607 might be used for short durations during postpartum breast remodeling as a potential strategy to inhibit MerTK-mediated efferocytosis and the wound-healing events that follow.
A widespread burden of dying cells in any healthy or injured tissue requires a mechanism to clear dying cells (47) (48) (49) . In some tissues, such as the epidermis or the gut, dying cells can be sloughed. However, in other tissues, including the retina or the involuting mammary gland, removal of dying cells is achieved through efferocytosis, a process that relies on MerTK (49) (50) (51) (52) . MerTK recognizes, binds to, and engulfs dying cells marked by phosphatidyl serine (PS), doing so in conjunction with its ligands (Gas6, protein-S, galectin-3, Tubby, and Tubby-like protein 1 [TULP-1]; reviewed in ref. 39] . Efferocytosis is known to produce a shift in macrophage phenotypes toward M2-like characteristics (albeit through unknown mechanisms) and to induce transcription of Th2-like cytokines, including Il10 and Tgfb1 (53) (54) (55) . Genetically engineered mouse models demonstrated that signaling through IL-4 and TGF-β also enhances M2 macrophage polarization (21, 56, 57 Student's t test, with a 95% confidence interval, was used to determine significance for all other data. A P value less than 0.05 was considered significant. Study approval. Mice were maintained in AAALAC-approved animal facilities at Vanderbilt University. The protocols performed herein were reviewed and approved by the IACUC of Vanderbilt University.
